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High internal phase emulsion (HIPE)-templated
biopolymeric oleoﬁlms containing an ultra-high
concentration of edible liquid oil†
Wahyu Wijaya, *a Paul Van der Meeren,a Koen Dewettinckb and
Ashok R. Patel *‡b
We report, for the ﬁrst time, the fabrication of oleoﬁlms (contain-
ing more than 97 wt% edible liquid oil) using high internal phase
emulsions (with oil volume fraction ϕoil = 0.82) as templates.
Advanced microscopy studies revealed an interesting microstruc-
ture of these ﬁlms where jammed oil droplets were embedded in a
dried matrix of biopolymeric complexes.
Nowadays, food scientists and food manufacturers are motiva-
ted to provide healthier fat products with an improved nutri-
tional profile (trans-fat-free, low in saturated fats, and high in
unsaturated fats). This objective is in accord with a recent
policy change made by authorized food regulations and the
rising awareness among consumers with regard to the negative
eﬀect of trans and saturated fat consumption. Additionally, the
environmental concerns caused by massive palm oil pro-
duction, and more recently, the industrial drive towards clean-
labeled products (use of natural ingredients) have provided
further motivation for the reformulation of food products.1
In the past few years, some novel approaches to produce
oleocolloids, a broad range of oil continuous soft matter
systems such as phase separated states of matter (oleogels),2
biphasic colloids (indirect emulsions and oleofoams),3 or
complex colloids (foamed oleogels, O/W/O emulsions),4,5 have
been extensively pursued with an aim of reducing the use of
trans and saturated fat in lipid-based food formulations. These
approaches can overcome the problem in the reformulation of
commonly consumed lipid-based emulsified products (e.g.
margarine or spreads) that generally still use a considerable
amount of solid fats for maintaining the macrotextural pro-
perties.1 Based on the early results in this rapidly evolving
field, it can be speculated that colloidal structuring of edible
liquid oils can be a useful approach to obtain oleocolloids
with desired texture and functional macroproperties.
Proteins and polysaccharides are known to display synergis-
tic interactions via the formation of colloidal complexes that
can structure a range of soft matter systems, such as hydro-
gels,6 gel emulsions,7 oleogels,8 and films.9 The interactions
between two biopolymers under appropriate conditions create
an interpolymeric matrix.6,10,11 To structure a hydrophobic
solvent, the indirect method is generally employed to enable
the interpolymeric matrix to entrap the hydrophobic solvents,
i.e. liquid oils.12,13 This approach has been successfully
demonstrated to produce oleogels using concentrated emul-
sions as templates which are stabilized by pre-formed biopoly-
meric complexes.7,13 Oleogels with a tightly packed arrange-
ment of oil droplets into a structured interpolymeric matrix
are obtained by simply drying the emulsions at mild tempera-
tures. The structured oil obtained by drying the emulsions
(which are stabilized by both native biopolymers) usually ends
up being rigid and brittle due to extensive intermolecular
interactions. The use of plasticizers such as polyols (e.g. gly-
cerol) could improve the flexibility and processability of the
dried products by increasing the interchain spacing and redu-
cing interchain interactions as seen in protein-based films.14
Herein, we report a successful demonstration of obtaining
thin layered elastic oleofilms containing an ultra-high concen-
tration of liquid oil (>97 wt% edible oil) by simply drying
emulsions which are stabilized only by protein and polysac-
charide with glycerol incorporated as a plasticizer. To the best
of our knowledge, the majority of lipid-based edible film
studies have been performed on rather dilute emulsions,
which resulted in no more than 50% of lipid content in the
dried film.15 Moreover, solid lipids such as palm oil are gener-
ally used in the lipid-based edible film formulation.16,17
Fig. 1 shows the oleofilm formation process using HIPEs
(oil content = 80 wt%) stabilized using SC : ALG pre-formed
complexes and glycerol. Subsequently, the thick paste of HIPE
was cast to form a layer and was oven dried (at a mild tempera-
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ture of 35 °C, for 24 h). Selective evaporation of the water
phase drove the network formation, resulting in the physical
entrapment of oil droplets in the structured matrix of SC : ALG
complexes.
In some of our previous research, oleogels (containing
>97 wt% liquid oil) were successfully prepared from emulsion
templates stabilized by uncomplexed food polymers (methyl-
cellulose and xanthan gum).18 However, due to the relatively
high proportion of the bulk water phase (oil volume fraction,
ϕoil ≈ 0.60) which was structured with the uncomplexed
xanthan gum, a higher temperature (i.e. 50 °C) and longer
drying time (i.e. 72 h) were required to completely evaporate
the aqueous phase. This drying process led to undesired oil
oxidation as indicated by an increase of peroxide and p-anisi-
dine values. In the current study, the issue with the drying
process was rectified by (i) using emulsion templates with a
high oil volume fraction (ϕoil = 0.82) and (ii) using biopoly-
meric complexes for stabilization of the oil–water interfaces.
Together, these modifications led to a shortening of the drying
time and a lowering of the drying temperature.
SC : ALG colloidal complexes were pre-formed at pH 7.0 by
mixing the stock solutions of SC and ALG with the help of
sonication. The formation of electrostatic complexes strongly
depends on pH. Generally, electrostatic complexes dissociate
when the pH is above the isoelectric point (pI) of the protein
(e.g. neutral pH). However, electrostatic interactions between
anionic carboxyl-containing polysaccharides and positively
charged subunits of oligomeric proteins can still occur.19,20
Moreover, sulphated polysaccharides like ALGs are capable of
forming soluble complexes at pH values above the pI of the
protein and non-electrostatic macromolecular interactions,
such as hydrophobic interactions, hydrogen bonding and coor-
dinate bonds, within the complex may lead to the formation of
an irreversible complex.19 Sonication may also cause protein
unfolding and promote hydrophobic interactions.21
The aqueous dispersions containing complexes of SC : ALG
were then used as the aqueous phase and homogenized
together with sunflower oil (oil/aqueous phase mass ratio =
4 : 1) to obtain HIPEs. Homogenization was carried out at low
and high shear at 11 500 and 13 500 rpm (using an UltraTurrax
T25 Basic, Germany) to distribute slowly the oil phase within
the aqueous phase (for eﬃcient coverage of the oil–water inter-
faces) and to force adsorption of complexes at the surface of
the oil droplets. Glycerol was added after the low shear emulsi-
fication. The resultant emulsion was then cast and dried to
form elastic films.
Representative pictures of the microstructure and particle
size distribution of HIPEs stabilized by SC : ALG complexes are
shown in Fig. 2. Four diﬀerent ratios of SC : ALG (the concen-
tration of ALG was kept constant) were investigated in HIPEs
formation. An increase in the ratio of SC resulted in smaller
droplet sizes of the dispersed oil phase: the mass-weighted
average diameter D[4,3] ranged from 4.70 to 6.80 μm. As seen
also from Fig. 2, the particle size distributions of the HIPEs
were represented by bimodal curves. The increase in the ratio
of protein led to a decrease in the droplet size as shown by a
distribution with the major peak position shifted slightly to
the left.
The representative appearance of HIPE samples is shown in
Fig. 3A. After subjecting the HIPEs to casting and drying, the
Fig. 1 Schematic representation of the process where liquid oil is ﬁrst
mixed with sodium caseinate (SC) : alginate (ALG) complexes to prepare
an 80 wt% o/w emulsion, followed by the casting and removal of water
(blue background) through drying, which results in the formation of an
oleoﬁlm. Furthermore, the interface of the yellow emulsion droplets
shows an adsorbed layer of SC : ALG complexes: SC particles (yellow
dots) embedded in ALG (blue chains).
Fig. 2 Optical microscopy images and droplet size distribution of HIPEs
stabilized by diﬀerent ratios of SC : ALG complexes and with addition of
glycerol (0.1 wt%). The scale bar is 20 μm.
Fig. 3 Photographs of HIPE-SC : ALG (10 : 1) with addition of glycerol
(0.1 wt%) (A); transparency diﬀerence of oleoﬁlms stabilized by SC : ALG
(4 : 1) (B) and SC : ALG (10 : 1) (C).
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complete removal of water resulted in the formation of solid
films (Fig. 3B and C). The solid film with the highest concen-
tration of SC showed no traces of oil leakage on storage at
room temperature. Subsequently, the oleofilm samples were
analyzed for their macroproperties, i.e. thickness, whiteness
index (WI), transparency value (TV) and contact angle of water
(θw). The transparency of the oleofilms could be tuned by
simply altering the proportion of SC in the complexes. As
shown in Table 1, the WI increased as the proportion of SC
increased, whereby the increase of WI also accordingly
increased the TV. The higher the TV, the more opaque or
turbid is the film. This is in line with previous studies on
emulsion films based on gelatin–palm oil: as the concen-
tration of palm oil increased, the greater TV indicated that the
film was more opaque.16,17 In addition, as the ratio of SC
increased, the θw also increased, which means that SC contrib-
utes to the hydrophobicity of the forming film.
The oleofilm has a unique microstructure where distinct oil
droplets are seen to be tightly packed together in an interpoly-
meric matrix as shown in Fig. 4C and D. The possibility of
obtaining such a microstructure could be attributed to the pre-
vention of coalescence during drying, owing to the well-struc-
tured interfaces formed around the oil droplets in the emul-
sion (Fig. 4B). These interfaces were occupied by SC : ALG com-
plexes, where ALG served as building blocks and SC particles
were embedded along the ALG networks (Fig. 4A). This is in
line with our previous studies where combinations of proteins
and polysaccharides have been used to prevent dehydration-
induced coalescence in emulsions.8,22,23
To further understand the deformation properties of the
formed oleofilms, they were characterized extensively through
oscillatory rheological measurements. The data plots from
stress and frequency sweeps of HIPE and oleofilm samples are
shown in Fig. 5; all samples showed gel-like rheology, which is
evident from the relatively higher values of the elastic modulus
(G′) as compared to the viscous modulus (G″). G′LVR (i.e. elastic
modulus in the linear viscoelastic region) was in the range of
1430–2216 Pa in HIPE samples (Fig. 5A and C); however, it was
interesting to note that the G′LVR increased nearly seventy-fold
in oleofilm samples (9.23 × 104–2.87 × 105 Pa, Fig. 5B and D).
It can be speculated that the structure and the overall rheology
of oleofilm samples are governed by the strength of the inter-
facial film and the network formed over the oil droplets. After
the drying process, the interfacial film is hardened forming a
rigid layer due to the dehydration. Furthermore, the higher
ratios of SC are more likely to form a stronger film around the
oil droplets in the dried state due to the cooperative inter-
actions between two biopolymers, irrespective of the level of
hydration. All samples showed a well-defined region of quasi-
linear response, and the critical stress values ranged from 251
to 1259 Pa. From the frequency sweeps (Fig. 5C and D), the gel
strength of either HIPE or oleofilm samples can be considered
Fig. 5 Stress and frequency sweeps conducted on HIPE (A and C) and
oleoﬁlm (B and D) samples prepared by using diﬀerent ratios of SC and
ALG. The oil content in the HIPE and oleoﬁlm samples was 80 and
97 wt%, respectively. The frequency used for the stress sweeps was 1 Hz
and the oscillatory stress used for the frequency sweeps was 2 Pa for
HIPEs and 50 Pa for oleoﬁlm samples.
Table 1 Thickness, whiteness index (WI), transparency value (TV) and





(mm) WI TV θw
4 : 1 1.50 ± 0.09a 29.05 ± 2.56a 0.23 ± 0.01a 56.67 ± 0.92a
6 : 1 1.50 ± 0.08a 33.35 ± 1.06b 0.29 ± 0.02b 54.94 ± 2.19a
8 : 1 1.51 ± 0.06a 34.53 ± 0.70c 0.36 ± 0.02c 58.84 ± 2.27a
10 : 1 1.51 ± 0.09a 36.61 ± 0.88c 0.40 ± 0.01d 60.94 ± 0.54a
Diﬀerent letters in the same column under the same oil level indicate
significant diﬀerences (p < 0.05).
Fig. 4 Cryo-SEM images of SC : ALG (10 : 1) complexes in aqueous dis-
persion (A), HIPE-SC : ALG (10 : 1) with the addition of glycerol (0.1 wt%)
(B), as well as a cross section and larger magniﬁcation of an oleoﬁlm
based on SC : ALG (10 : 1) (C, D). The scale bar is 1 μm (A) or 10 μm
(B–D).
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reasonably good, as suggested by the slightly positive slopes of
the G′ curves.
The oleofilm properties were also compared by studying the
viscoelasticity of the samples through a creep-recovery and
stress relaxation test (Fig. 6 A and B). In a creep-recovery test,
samples are subjected to a constant stress; when the load or
stress is removed, the viscoelastic material shows a recovery or
a progressive decrease of deformation (strain) over time. The
viscoelastic behaviour corresponding to the solid and liquid-
like properties of the samples can be indicated by the rate and
the extent to which the strain recovers on removal of the stress.
The recoverable strain (γe) is calculated from the highest point
of strain before the load is removed and the strain at the end
of the recovery time.24 The recoverable strain in the case of all
samples ranged from 23% to 68%. Previously, oleofilms with a
higher ratio of SC : ALG showed higher elasticity moduli and
higher viscosity values compared to samples with a lower ratio
of SC : ALG as shown by oscillatory data. In addition, the
higher ratio of protein showed better creep-recovery,
suggesting stronger structural interactions associated with
better resistance to the applied stress.
In stress relaxation tests, a fixed strain is applied, and the
stress required to deform the materials is measured as a func-
tion of time. The measured relaxation time indicates the rate
at which the material dissipates stress after a sudden defor-
mation.24 The profile of stress relaxation is used to indicate
the viscoelastic behaviour of materials. Ideal elastic and
viscous materials will gradually and instantaneously relax,
respectively, while viscoelastic materials reach an equilibrium
stress greater than zero, whereas the residual stress for viscous
fluids is zero. Fig. 5B shows that an increase of the SC ratio
resulted in a higher stress as a function of time, which means
that emulsions with a higher protein ratio could produce films
with a higher resistance to loads, which can be useful in food
processing, e.g. as a hydrogenated fat replacement to create
layers of dough in laminated breadmaking.15,25
Fig. 6C shows a representative temperature ramp of oleo-
film sample (SC : ALG, 10 : 1) behaviour during heating from
20 °C to 100 °C, holding at 100 °C, and cooling back from
100 °C to 20 °C. The oleofilm sample did not show any struc-
tural changes during the temperature changes. The film-like
structure of the oleofilm (indicated from G′ > G″ during
heating, holding and cooling) was retained throughout the
studied temperature profile suggesting that the oleofilm
sample was thermostable. After the temperature ramp, G′ and
G″ decreased nearly two-fold due to shear-induced degradation
of the biopolymer networks during the measurement,
although the oleofilm sample still maintained its macrostruc-
ture with a little evidence of oil leaking.
Conclusion
In conclusion, we successfully demonstrated a facile approach
of forming oleofilms containing 97 wt% oil using SC and ALG
complexes as a stabilizer. The oleofilm was formed using a
HIPE templating method with the addition of glycerol as a
plasticizer. Complexation of proteins with polysaccharides in
an appropriate ratio and concentration was a prerequisite to
produce stable oleofilms that were stable against oil leakage.
Stable HIPEs were required to produce stable oleofilms, which
could be achieved by increasing the ratio of surface-active bio-
polymers (i.e. protein). A higher ratio of SC in the SC : ALG
mixture resulted in an improved stability of the HIPE, as indi-
cated by the smaller oil droplet size and higher elastic
modulus as shown by light scattering and small amplitude
oscillatory measurements, respectively. On the other hand,
oleofilm samples showed an increase of recovery yield and re-
sistance to the load as shown by creep-recovery and stress
relaxation tests, respectively. The oleofilms also showed struc-
tural stability (G′ > G′′) when a temperature ramp was applied.
Structuring oil into a film can be useful in several applications
such as hydrogenated fat replacement in laminated bakery pro-
ducts and other biomedical applications such as pharma-
ceutical/cosmeceutical films containing hydrophobic
bioactives.
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